Unconventional Coalbed Methane Reservoirs Characterization Using Magnetic Susceptibility  by Ivakhnenko, Oleksandr P. et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union (EGU)
doi: 10.1016/j.egypro.2016.10.007 
 Energy Procedia  97 ( 2016 )  318 – 325 
ScienceDirect
European Geosciences Union General Assembly 2016, EGU 
Division Energy, Resources & Environment, ERE  
Unconventional coalbed methane reservoirs characterization using 
magnetic susceptibility 
Oleksandr P. Ivakhnenkoa,b*, Meruyert N. Makhatovaa, Kazim Nadirovc,  
Vera Bondarenkoc 
aDepartment of Geology & Physics of the Earth, Department of Petroleum Engineering, Kazakh-British Technical University, Almaty 050000, 
Kazakhstan; bIPEC, Edinburgh, EH14 4AS, United Kingdom; cDepartment of Petroleum Engineering, M. Auezov South Kazakhstan State 
University, Shymkent 160012, Kazakhstan 
 
Abstract 
This research describes a study of the magnetic susceptibility (MS) and permeability as a new approach for a non-destructive 
coalbed methane (CBM) reservoir characterization. Experimental measurements were undertaken in CBM cores from 
Kazakhstan (Karaganda Basin). The experimental results showed a strong correspondence between measured magnetic 
susceptibility and permeability of the CBM core samples. Inverse correlation between magnetic susceptibility and permeability is 
observed. Generally, the high values of MS correspond to low permeability, likewise the low diamagnetic MS relates to high 
permeability of production zones. In case of fracturing permeability must be recalculated in relation to the degree of fracturing.  
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1. Introduction 
For coalbed gas reservoir development, it is essential to accurately determine permeability. This paper outlines 
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the reservoir evaluation methods, the role of accurate permeability values in coalbed reservoir productivity, and 
possible challenges in estimation of the same. 
Magnetic susceptibility is an extensively applied characteristic of a rock that describes the amount of 
ferromagnetic components in the formation, majorly magnetite. Recent studies presented possible applications of 
magnetic susceptibility for reservoir evaluation, quantifying petroleum fluids and minerals, and also for prediction 
of important petrophysical parameters in clastic reservoirs [1, 2, 3, 4]. 
We will discuss the possible reasons for the correlation of magnetic susceptibility with permeability that exhibits 
control by clay presence like illite – the mineral with high positive magnetic susceptibility. Otherwise, it is 
important to make allowance that diamagnetic kaolinite and ferrimagnetic minerals with extremely high magnetic 
susceptibility values may obscure any correlations between the magnetic and petrophysical properties [5, 6, 7]. 
Coal zones are characterized by low and negative magnetic susceptibility values and consequently by sharp 
recession of susceptibility curve. Paramagnetic clay minerals cause the peaks of susceptibility tracing, whilst 
sandstone with general low value paramagnetic minerals ranks positive intermediate meanings. So that deduced that 
susceptibility curve shows the lithology of the formation and allows rapid determination of the rock type. 
1.1. Field Data 
CBM resources of Kazakhstan coal deposits, prospective for gas extraction, estimated approximately at 
two trillion m3, only to the depth of 1800 m. Central regions are famous for their huge coal resources. Reserves of 
Karaganda coal basin up to the depth of 1500 m comprise 490.47 billion m3. At the same time methane content in 
the gas of Karaganda coal varies from 80 to 98% that makes it a viable potential alternative to natural gas. 
Tectonically the Karaganda basin is confined to Karaganda synclinorium latitudinal distribution.  
2. Magnetic susceptibility constants of the minerals 
All substances, solids and fluids, are affected by the application of a magnetic field. The direction of magnetic 
force lines changes in the presence of different types of magnetic substances. Diamagnetic substances cause a 
reduction in the density of magnetic force lines making the applied field weaker. In contrast paramagnetic and 
ferrimagnetic substances cause an increase in the density of magnetic force lines making the applied field stronger 
[8].  
3. Sample collection and test procedure 
In order to study magnetic susceptibility and permeability dependency relation twenty pallets of core extracted 
from the different depth were collected from the coal-bearing basin in Karaganda, Kazakhstan. Almost all intervals 
include interlayer coal zones and terrigenous deposits represented by sandstone, siltstone and shale formations. As 
preventive methods of isolating surrounding environment’s effect on experiments, the core samples were placed in 
wooden pallets since any metal parts are low-resistive paths for magnetic flux. Magnetic susceptibility and 
permeability were measured from same depth points allowing correlation with a vertical resolution of 3-5cm, 
depending on rock structure. 
Portable handheld air permeameter apparatus value (T) is given as soon as the measurement is done and is 
subject to conversion to air permeability (K) through Eq. (1) (according to Operational Manual) 
    T = −0.8206log10(K) + 12.8737,                (1)  
where, K is the permeability in millidarcys (mD).  
Since the permeameter measures bulk matrix permeability, fractures in core samples may result in anomalous high 
values. Thus, it was required to correlate output results to get approximate matrix permeability values. Hence, we 
used Hubbert equation (1940):  
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                             (2) 
where, fK  - fracture permeability, mK  - matrix permeability, ρ - air density,  μ  - air viscosity 
Magnetic susceptibility tool measures volume magnetic susceptibility of the rock in SI units and can operate in 
magnetic susceptibility variations up to 26 SI units with a measurement time as minimum as 0.1s.  
4. Results 
4.1 Comparing MS and Permeability  
Obtained experimental results of magnetic susceptibility and permeability of formations were compared with 
each other. Given graphs describe relationships of magnetic susceptibility and permeability after correlation and 
Hubbert equation are applied. Illustrations have an obvious trend of inverse proportion between those two. As seen, 
at points of max value for permeability we have minimum values for MS. 
The Fig.1 shows the experimental values of MS and permeability with depth. The excellent correlation is 
observed at the depth 154.8 m with high MS value and low permeability of shale formation. As it was stated the 
effect of illite content on permeability, the shale zones tend to be traced by high magnetic susceptibility profile 
buildup while permeability curve falls-off. The same pattern exhibits at the depths 150.6 m, 150.9m, 151.,8 m, 152.2 
m, 154.8 m, 155.2 m of the right graph and at the depth 342.64 m, 343.54 m, 343.78 m, 344.69 m of the left. 
Thereafter, conversely, zones of low magnetic susceptibility values correspond to the intervals of high permeability 
with bright confirmation of the tendency at the depths 150.6 m, 150.85 m, 151.15 m, 151.33 m, 151.62 m, 152.14 m, 
152.46 m, 155 m, 155.16 m of the right graph and at the depths 341.9 m, 342.56 m, 343.1 m, 343.71 m, 344.2 m, 
344.7 m of the left. Regarding the lithology, at the depth 343-343.3 m sandstone deposits are defined by MS values 
decrease and the increase of permeability.  
4.2 Spatial distribution of petrophysical properties 
It is a variogram tool of geostatistics that is the most popular in analysis of continuous parameters of rock, 
particularly permeability. Variograms and covariations (also known as structural functions) quantitatively 
characterize assumptions that state the closer points are placed to each other, the more similar they are. Both 
variogram and covariation functions determine statistical correlation measures as functions of distance. [9] 
Now, to assess spatial autocorrelation we look at the behaviour of the parameter Z at two points si and sj for every 
possible pair of locations in a dataset (N locations yields N(N-1)/2 pairs. We choose several levels of h (distances) 
and calculate the empirical semivariogram: 
 
            
(3) 
 
where, N(h) is a set of all locations that are distances of h apart within a tolerance region around h, and |N(h)| is the 
number of pairs in N(h). 
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Fig.1 – Permeability and MS Correlation 
Air permeameter values (T) were used to create empirical semivariograms (Fig.2) in order to make graphs more 
comfortable for visual perception. Once empirical semivariograms of permeability and magnetic susceptibility 
values for two core sample intervals are created, we can judge their similar spatial correlation. Figure 2 (a) and (b) 
shows the semivariogram of (a) permeability and (b) magnetic susceptibility at the depth interval 149.8 m - 156.8 m. 
As semivariograms of these two parameters are the function describing the degree of spatial dependence, their 
similarity can be interpreted as the result of their good correlations.  
5. Discussion 
5.1 Volume Magnetic Susceptibility: Correlation with Permeability 
The main components of lots of sedimentary rocks, such as quartz in sandstones or calcite in carbonates, have 
low or even negative magnetic susceptibility values. Meanwhile, clastic formation permeability primarily regulated 
by the paramagnetic clay content (e.g. illite), and insignificant increment of illite volume may result in a vast 
decrease of permeability due to pore filling and creating microporous bands. 
Consequently, magnetic susceptibility could be used as a quick-look evaluation tool for paramagnetic clay 
mineral presence. Processed magnetic susceptibility data can be used as a fast accurate permeability predictor.  
(m) (m) (10-6 units SI) (10-6 units SI) 
(mD) (mD) 
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Fig.2 – Empirical semivariogram of (a) permeability at the depth 149.8-156.8 m; (b) magnetic susceptibility at the depth 149.8-156.8 m; (c) 
permeability at the depth 338-346 m; (d) magnetic susceptibility at the depth 338-346 m. 
 
Fig.3 – Correlation of MS with Permeability 
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Figure 3 shows a crossplot of the measured horizontal core permeability values and volume magnetic 
susceptibility results from the core section. The results show that the increase of the magnetic susceptibility value 
corresponds to the decrease in permeability. There is a good correlation with the regression coefficient of 
determination r2≈0.67 for the 159 core samples measured. The volume magnetic susceptibility behaviour reflects the 
contribution of the diamagnetic and paramagnetic minerals that make up the bulk volume of the rock.  
5.2 Correlation with organic content 
Full analysis regarding magnetic susceptibility of reservoir fluids were conducted in earlier studies, and it has 
been established a diamagnetic essence of magnetic susceptibility of hydrocarbons, and stated that the most 
diamagnetic compounds are the alkanes, and the least ones are the aromatics [1, 4]. As coal-bearing core samples 
consist on residual methane, the rock magnetic susceptibility has the underestimated value.  
Should be noted the organic matter could also present in shale formations bedded near the coal zones. Organic 
shale changes into clean shale (without organic content) with distance from the coal beds. The results of 
measurements have shown the according increase of the magnetic susceptibility value with minimum start value 
registered within the coal zones, sharp increasing in organic shale and the peak value in clean shale. It is observed 
interbedding of organic shale and nonorganic shale, where the latter has noticeable higher magnitude of magnetic 
susceptibility compared to the former. The tendency encouraged to deduce the correlation of magnetic susceptibility 
with organic matter content preliminary.   
Fig. 4 shows the dependence of magnetic susceptibility with hydrocarbon content, mostly (alkane group), where 
the crossplot gives a regression coefficient r2=0.79 using a logarithmic regression line. The results were obtained by 
the comparison of the “pure” specimen (nonorganic) with the almost same specimen filled by organic matter. 
According to the correlation magnetic susceptibility measurements could be used for organic matter detection.  
Fig.4 – Correlation of MS with organic content 
 5.3 Coal-bearing and near-organic layers distribution 
According to analyzed intervals, it is possible to evaluate the tendency of layouts of various rock formations that 
border with coal beds. Detailed characterization of multilayered coalbed methane reservoirs were done using high-
resolution sequence stratigraphy [12]. However, in petrophysical terms coal seam magnetic susceptibility data 
demonstrate negative values, meanwhile, shale formations due to paramagnetic nature have high positive values. 
Sandstones are also paramagnetic formations; however, have lower values than of shales. One of the applications of 
magnetic susceptibility could be lithology description along with effect of organic content on the susceptibility 
values.  
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Fig.5 – Magnetic susceptibility distribution curve in accordance with lithology at the depth 167.85 – 169.25 m 
Fig.6 – Magnetic susceptibility distribution curve in accordance with lithology at the depth 203 – 205.5 m 
Fig.7 – Magnetic susceptibility distribution curve in accordance with lithology at the depth 322.5 – 324.1 m 
The Figures 5-7 represent the sections where coal seams lay in-between sandstone layers, organic shale zones, clean 
shale, and siltstone. Similar tendency is detected at other intervals.  
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Figure 5 shows coal bed between organic shales and siltstone, the upper zone of shale with red dashed that exhibits 
the bedding of shales with extremely high organic content causes the fall of magnetic susceptibility values. Figure 7 
with comparative high magnetic susceptibility values represents more dramatic shift of the MS profile due to low 
organic content in shale zones.    
6. Conclusions 
Permeability and magnetic susceptibility measurements have been performed on the cores from Karaganda coal 
basin, Kazakhstan, with the objective to determine the correlation of the two properties. Laboratory measurements 
show the next outputs: 
• The high values of magnetic susceptibility correspond to low permeability; likewise the low diamagnetic MS 
values comply with high permeability of production zones. In a point of fact, linear proportionality appears 
as well due to fractures. In this case, permeability must be recalculated in relation to degree of fracturing.  
• Magnetic susceptibility results could sometimes be affected by small content of ferrimagnetic minerals that 
resulted in high MS values. However, MS data demonstrated good correlations with permeability. 
• Coal reservoirs generally are spaced between shale layers with extremely high MS values and highly low 
permeability. Sandstone with shale interlayers tends to be a transition area between shale and coal. Such 
tendency appears within several sections. 
• The application of magnetic susceptibility values for coalbed methane reservoir characterization could be a 
nondesruptive and rapid method potentially used in both laboratory and field conditions. 
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